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Consortia‐based	 approaches	 are	 a	 promising	 avenue	 towards	 efficient	 bioprocessing.	11	
However,	many	complex	microbial	interactions	dictate	community	dynamics	and	stability.	12	
The	rumen	of	large	herbivores	harbors	a	network	of	biomass‐degrading	fungi	and	bacteria,	13	
as	 well	 as	 archaea	 and	 protozoa	 that	 work	 together	 to	 degrade	 lignocellulose,	 yet	 the	14	
microbial	 interactions	 responsible	 for	 consortia	 stability	 and	 activity	 remain	15	
uncharacterized.	In	this	work,	we	demonstrate	a	novel	enrichment‐based	isolation	method	16	
selecting	 for	 a	 minimal	 biomass‐degrading	 community	 containing	 anaerobic	 fungi,	17	
methanogenic	archaea,	and	bacteria.	The	enriched	culture	displayed	an	increase	of	up	to	2.1	18	
times	the	growth	rate	and	1.9	times	the	fermentation	gas	produced	by	the	isolated	fungus	19	
from	 the	 enriched	 culture	 alone.	 Metagenomic	 sequencing	 revealed	 functional	20	
compartmentalization	of	the	community	spread	across	anaerobic	fungi	(Piromyces),	bacteria	21	
(Sphaerochaeta),	 and	 methanogens	 (Methanosphaera	 and	 Methanocorpusculum).	 The	22	
minimal	 consortium	 enabled	 more	 complete	 degradation	 of	 biomass,	 including	23	
	 2
hemicelluloses	like	xylan	and	pectin	and	a	wider	range	of	sugar	utilization	like	xylose	and	24	
galacturonate.	 Complementing	 the	 “top‐down”	 enrichment	 analysis,	 a	 synthetic	 rumen	25	















Artificial,	 or	 synthetic,	 consortia	hold	 the	potential	 to	 revolutionize	bioprocessing,	40	
because	of	their	increased	efficiency	by	distributing	difficult	processes	across	the	individual	41	
members.1	 Consortia	 are	 currently	 utilized	 in	 some	 processes,	 like	 anaerobic	 digestion,	42	
where	 a	 complex	mixture	 of	microbes	 convert	waste	 into	 synthesis	 gas.	 Typically,	 these	43	
complex	communities	are	isolated	or	formed	from	nature,	resulting	in	mixtures	of	undefined	44	
microbes	 where	 the	 members	 provide	 some	 functional	 or	 metabolic	 benefit	 to	 the	45	
community.	However,	when	consortia	are	formed	by	combining	individual	microbes	from	46	
the	 “bottom‐up”,	wieldy	microbes	 compete	 for	 the	 same	 resources	 often	 resulting	 in	 the	47	
dominance	of	one	microbe	 that	outperforms	 the	others.	 Identifying	key	 factors	 that	both	48	
connect	and	stabilize	the	consortium	is	critical	to	overcome	current	limitations	inherent	in	49	
using	microbial	communities	for	bioprocessing.	50	
Diverse	microbial	 communities	 from	nature	participate	 in	many	different	 types	of	51	
interactions,	ranging	from	favorable	to	benign	and	even	unfavorable,	which	can	be	leveraged	52	
to	 enhance	 the	 productivity	 of	 synthetic	 consortia.2	 These	 interactions	 help	 regulate	53	







stability	 is	 to	 investigate	“minimal”	native	consortia,	whereby	key	microbial	players	have	61	
	 4
been	 enriched	 from	 a	 complex	 ecosystem.	 An	 ecosystem	 of	 key	 biotech	 relevance	 is	 the	62	
hindgut	of	large	herbivores,	where	biomass	is	routinely	degraded	and	anaerobic	gut	fungi	63	
are	 primarily	 responsible	 for	 degradation5.	 Though	 gut	 fungi	 have	 recently	 been	64	
characterized	 in	 isolation5,	 6,	 such	 growth	 does	 not	 accurately	 mimic	 their	 native	65	
environment.	 Alongside	 anaerobic	 fungi,	 archaea,	 bacteria,	 and	 protozoa	 are	 found	 in	66	
herbivore	hindguts.		Among	these,	anaerobic	fungi	have	been	shown	to	interact	closely	with	67	
methane	 producing	 archaea	 (methanogens)7.	 Methanogens	 siphon	 hydrogen	 and	 other	68	
metabolites	 from	 the	 fungi,	 allowing	 the	 fungi	 to	 more	 efficiently	 produce	 energy	 by	69	
increasing	the	flux	through	their	hydrogenosomes7.	In	addition	to	greatly	increasing	biomass	70	
degradation,	fungi‐methanogen	co‐cultures	are	capable	of	directly	converting	crude	biomass	71	
into	 methane7.	 Early	 and	 recent	 characterization	 of	 fungi‐methanogen	 co‐cultures7‐13	72	
focused	mainly	on	macroscopic	effects	of	co‐culture.	Separate	studies	have	considered	native	73	






















of	 sequencing	 ITS	 regions	 from	anaerobic	 fungi	 due	 to	 extremely	high	AT	 content14.	 The	95	
closest	cultured	match	to	the	enriched	fungus	was	a	Piromyces	isolate,	but	with	only	86%	96	
identity	matching	a	cultured	 isolate	across	 the	entire	 ITS	and	5.8S	region.	The	sequences	97	
clustered	distinctly	 from	other	 fungal	 genera	 (Figure	S2a),	 grouping	 into	 a	 clade	with	 an	98	
uncultured	isolate.	Microscopy	revealed	the	formation	of	monocentric	sporangia	(Figure	S3)	99	
similar	 to	 the	 genus	 Piromyces.	 Methanogen‐specific	 primers	 amplified	 two	 distinct	100	
sequences	 most	 similar	 to	 Methanosphaera	 and	 Methanocorpusculum	 isolates.	 The	101	
phylogenetic	identity	(Figure	S2b)	of	the	two	methanogens	was	somewhat	surprising,	as	the	102	
rumen	 and	 intestinal	 tracts	 of	 herbivores	 are	 often	 dominated	 by	 Methanobrevibacter	103	
methanogens15.	 However,	 it	 is	 likely	 that	 specific	 fungal‐methanogen	 interactions	 led	 to	104	









also	a	 third	unique	sequence,	most	 similar	 to	a	Sphaerochaeta	genome.	The	phylogenetic	113	
placement	of	each	16S	sequence	is	shown	in	Figure	S3.	The	assembled	contigs	were	binned	114	
and	 checked	 for	 completion.	 Each	 bin	 was	 at	 least	 93%	 complete	 with	 less	 than	 2%	115	






microbial	 constituents,	 a	 novel	 separation	 scheme	 was	 designed	 to	 separate	 the	 fungal	122	
component	 of	 the	 consortium	 from	 the	 prokaryotic	 part,	 as	 shown	 in	 Figure	 1.	 While	123	
methanogens	 are	 resistant	 to	 penicillin	 and	 streptomycin,	 they	 are	 susceptible	 to	124	
chloramphenicol	treatment.	As	such,	pure	fungal	cultures	were	obtained	by	treatment	with	125	
chloramphenicol.	 Similarly,	 fungi	 require	 a	 carbohydrate	 substrate,	 and	 removing	 that	126	
substrate	 source	 selected	 against	 fungal	 growth.	 The	 culture	 of	 fungi,	 bacteria	 and	127	









of	 fermentation	 gas	 produced	was	 enhanced	 as	well	 (Figure	 2B),	 where	 the	 consortium	136	





both	 the	 consortium	 and	 isolated	 fungus.	 Since	 the	 community	 was	 isolated	 using	 reed	142	
canary	 grass	 as	 the	 substrate,	 it	 is	 likely	 that	 the	 community	 members	 were	 tuned	 for	143	
optimal	 growth	on	 reed	 canary	 grass.	 Interestingly,	 there	were	 some	 substrates,	 such	 as	144	
xylan	and	pectin,	on	which	the	fungal	monoculture	had	minimal	growth,	whereas	the	mixed	145	











previous	work5,	6,	 it	 is	known	that	the	anaerobic	 fungi	are	enriched	in	biomass	degrading	156	

















electron	 acceptors	 in	 the	 anaerobic	 community.	 However,	 analysis	 of	 the	174	
	 9
Methanocorpusculum	 member	 revealed	 a	 pathway	 for	 formate	 utilization,	 allowing	 for	175	
growth	on	either	H2/CO2	or	formate.	Methanosphaera	have	previously	been	shown	to	require	176	
a	combination	of	H2	and	methanol	for	growth,	however	the	genes	were	present	for	growth	177	
on	 H2/CO2	 as	 previously	 shown	 for	 a	 different	 Methanosphaera	 species23.	 Methanol	 is	178	
released	during	the	degradation	of	pectin	and	other	hemicelluloses24,	25,	which	could	explain	179	
the	 role	 of	 the	Methanosphaera.	 Previous	 analyses	have	demonstrated	 the	 importance	of	180	




16S	and	 ITS	metagenomic	profiling	5	months	after	 shotgun	metagenomics	 sequencing	 to	185	
assay	 stability	 of	 consortium	membership.	 The	 relative	 abundance	 of	 methanogens	 and	186	
bacteria	 was	 calculated	 from	 the	 metagenomics	 data	 by	 counting	 the	 number	 of	 reads	187	
aligned	to	each	genome	bin.	As	shown	in	Figure	4,	the	composition	of	the	consortium	and	the	188	




was	 that	 the	rumen	 fluid	 in	 the	culture	medium	produced	a	background	16S	signal,	even	193	
though	clarified	 rumen	 fluid	was	used.	The	analysis,	 therefore,	only	 contained	sequences	194	






Given	 the	 compartmentalization	 revealed	 in	 the	 minimal	 rumen	 consortium,	 we	200	
formed	synthetic	consortia	composed	of	microbes	with	similar	metabolic	dependencies	and	201	
tested	 for	biomass‐degrading	activity	and	stability	 in	batch	 culture.	 	Piromyces	 finnis	and	202	
Neocallimastix	 californiae	 are	 well‐studied	 members	 of	 the	 Neocallimastigomycota	with	203	
high‐quality	 genomes6,	 and	 both	 were	 paired	 separately	 with	 methanogen	204	
Methanobacterium	 bryantii	 in	 culture.	 	 As	 shown	 in	 Figure	 5,	 the	 synthetic	 co‐cultures	205	
showed	much	greater	total	 fermentation	gas	production	(2.1x	for	P.	 finnis	and	1.8x	for	N.	206	
californiae)	compared	to	monocultures	of	fungi	alone	on	simple	biopolymers	like	Avicel	and	207	
xylan.	However,	 the	synthetic	co‐cultures	produced	 less	 total	 fermentation	gas	 from	reed	208	
canary	 grass	 than	 the	 native	 consortium,	 and	 did	 not	 show	 an	 improvement	 over	 the	209	
individual	fungi	alone.	Despite	the	decreased	gas	production	on	reed	canary	grass,	it	is	likely	210	
that	 the	 co‐cultures	 metabolized	 more	 total	 carbon	 than	 the	 isolated	 fungi	 alone.	211	
Methanogenesis	by	M.	bryantii	consumes	5	moles	of	gas	(4H2	+	1CO2)	for	every	1	mole	of	212	







xylan	 utilization	 is	 unknown,	 however	 it	 is	 an	 important	 observation	 due	 to	 the	 high	220	
	 11
proportion	of	xylose	in	biomass.	Xylose	utilization	by	members	of	the	Piromyces	genus	has	221	
received	 attention	 in	 recent	 years	 as	 they	 possess	 a	 xylose	 isomerase	 instead	 of	 xylose	222	
reductase/xylitol	dehydrogenase	typical	of	other	fungi26.	The	xylose	isomerase	pathway	is	223	
more	commonly	found	in	bacteria,	and	might	have	arisen	through	horizontal	gene	transfer	224	
as	many	 of	 the	 cellulases	 of	 anaerobic	 fungi	 have6,	 which	 could	 explain	 the	 difficulty	 in	225	
metabolizing	 pure	 xylose	 or	 xylan.	 Another	 hypothesis	 is	 related	 to	 the	 availability	 of	226	
required	metal	cofactors	for	the	xylose	isomerase.	The	xylose	isomerase	from	closely‐related	227	












of	 the	 Sphaerochaeta	 bacterium	 in	 the	 native	 consortium.	 The	 stability	 seen	 from	 the	240	
synthetic	 co‐cultures	 is	 still	 an	 improvement	 over	 consortia	 formed	 between	 competing	241	
microbes,	where	competition	for	resources	 leads	to	consortia	 instability.	 Importantly,	 the	242	






In	 this	work,	we	have	 compared	 two	unique	methods	 for	 consortium	 formation	 –	248	
“top‐down”	 enrichment	 of	 native	 communities	 and	 “bottom‐up”	 formation	 of	 synthetic	249	
communities.	In	both	cases,	the	microbial	communities	achieved	increased	fermentation	gas	250	
compared	 to	 the	 biomass‐degrading	 action	 of	 the	 anaerobic	 fungal	 component,	 and	 they	251	
were	capable	of	utilizing	a	wider	range	of	substrates.	While	both	top‐down	and	bottom‐up	252	
methods	 resulted	 in	 consortia	 that	 produced	more	 fermentation	 gas	 than	 isolated	 fungi	253	
alone,	the	top‐down	approach	resulted	in	a	more	stable	and	more	productive	consortium.	254	
This	 is	 likely	because	the	microbes	present	co‐evolved	 in	nature	and	naturally	developed	255	





methanogens.	 These	 factors	 likely	 contributed	 to	 the	 increased	 stability	 of	 the	 native	261	




growth	 substrate	 utilized	 likely	 impacted	 the	 enriched	 community,	 and	 even	 though	266	
	 13
anaerobic	 fungi	are	among	the	most	robust	organisms	at	degrading	biomass,	 they	can	be	267	
outcompeted	 during	 the	 initial	 isolation	 unless	 antibiotics	 are	 present,	 limiting	 the	 total	268	
microbial	 diversity	 that	 can	be	 captured.	 The	 approach	worked	well	 for	 this	 application,	269	
where	 the	main	 goal	was	 the	utilization	of	biomass,	 however	 the	bottom‐up	approach	 is	270	
more	favorable	for	specific	chemical	production,	or	for	drop‐in	modules	to	create	a	wider	271	
range	 of	 products.	 	 Future	 work	 includes	 determining	 the	 difference	 in	 community	272	
composition	 enriched	 for	 by	 changing	 the	 selective	 pressures	 like	 growth	 substrate	 or	273	
antibiotic	treatment.		274	
In	summary,	our	work	displays	a	direct	comparison	between	natural	and	synthetic	275	
anaerobic	 consortia	 for	 lignocellulosic	 biomass	 degradation.	 The	 top‐down	 approach	276	
resulted	 in	 a	 more	 productive	 microbial	 community	 and	 identified	 compartmentalized	277	
carbon	metabolism	as	the	main	mechanism	enabling	productivity	and	stability.	The	bottom‐278	
up	 approach	 allowed	 for	 inclusion	 of	 microbes	 with	 desired	 properties	 ‐	 in	 this	 case	279	
sequenced	 genomes	 and	 well‐characterized	 phenotypes.	 Taken	 together,	 these	 two	280	











grass,	 corn	 stover,	 switchgrass,	 and	 alfalfa	 stems	 (all	 grass	 obtained	 from	 USDA‐ARS	291	
Research	Center,	Madison,	WI)	were	added	prior	to	autoclaving	media	at	1%	(w/v).	Glucose	292	
and	 cellobiose	 were	 dissolved	 in	 water	 and	 sterile‐filtered	 then	 added	 to	 media	 post	293	
autoclaving	 at	 0.5%	 (w/v).	Methanogens	were	 cultured	 as	 previously	 described23,	 in	M2	294	
Medium	 with	 80%/20%	 H2/CO2	 headspace,	 supplemented	 with	 methanol	 (1%	 v/v).	 All	295	
cultures	were	grown	at	39°C	without	shaking.		296	
	297	
Equine	 fecal	materials	were	collected	 from	the	UCSB	West	Campus	Stables,	suspended	 in	298	












bottles	 until	 stationary	phase	 (OD600	~	0.2–0.5)	 and	 then	harvested	by	 centrifugation	 for	310	
30	min	at	10,000×g	at	4	°C.	Cell	pellets	were	resuspended	in	0.5	mL	TE	Buffer	(10	mM	Tris,	311	
1	mM	EDTA,	pH	8.0).	 Sodium	dodecyl	 sulfate	was	added	 to	a	 final	concentration	of	0.5%,	312	
proteinase	K	(New	England	BioLabs,	Ipswitch,	MA)	was	added	to	100	μg/mL,	and	RNaseA	313	
(MoBio	Laboratories,	Carlsbad,	CA)	was	added	to	100	μg/mL.	The	mixture	was	incubated	at	314	









gDNA	 were	 first	 fragmented	 using	 a	 Covaris	 (Woburn,	 Massachusetts)	 M220	 Focused	324	
Ultrasonicator,	 followed	 by	 end	 repairs,	 size	 selection	 (~330	 bp),	 end	 adenylation	 and	325	








using	 MetaBAT	 v2.12.1	 35	 and	 CONCOCT	 v0.4.1	 36,	 with	 BLAST	 used	 to	 manually	 curate	333	
unbinned	contigs.	Binned	genomes	were	annotated	with	the	Department	of	Energy	Systems	334	
Biology	 Knowledgebase	 (KBase,	 http://kbase.us)	 automated	 pipeline.	 Genomic	 features	335	
including	 ORFs,	 large	 repeat	 regions,	 rRNAs,	 CRISPRs,	 and	 tRNAs	 were	 identified	 and	336	
annotated	 with	 the	 Rapid	 Annotations	 using	 Subsystems	 Technology	 toolkit	 (RASTtk)37.	337	
These	 gene	 annotations	 were	 combined	 with	 biochemical	 information	 from	 the	 Kyoto	338	
Encyclopedia	of	Genes	and	Genomes	(KEGG)38	to	reconstruct	the	metabolism	of	each	genome	339	
bin.	 Genome	 completion	 was	 determined	 utilizing	 CheckM	 v1.0.7	 39.	 Metagenomic	340	
abundance	for	each	bin	was	calculated	by	mapping	reads	to	the	full	assembly	using	Bowtie2	341	



















final	 extension	 of	 5	 minutes	 at	 72°C;	 and	 a	 hold	 at	 4°C.	 	 Prepped	 libraries	 were	 then	360	










analysis	 and	 results	 used	 to	 generate	 a	 standard	 curve.	 	 Standards	were	 10,	 500,	 2500,	371	
10,000	(1%),	25,000	(2.5%),	and	100,000	(10%)	ppm	methane.	 	Range	was	typically	101,	372	
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Figure	 1:	 Complementary	 methods	 to	 establish	 biomass‐degrading	 microbial	412	
consortia.	In	“Top‐Down”	isolation,	native	communities	are	enriched	by	selective	antibiotic	413	
treatment	 and	 consecutive	 culture.	 Individual	 constituents	 of	 the	 native	 culture	 can	 be	414	
separated	by	either	removing	the	sugar	source	for	the	fungi	selecting	for	methanogens	and	415	












for	 the	 isolated	 methanogen	 part.	 Error	 bars	 represent	 the	 standard	 deviation	 of	 three	428	
biological	 replicates.	Significance	was	 tested	using	 the	Student’s	 t‐test,	NS	 represents	not	429	
significant,	 *	 represents	 p	 <	 0.05,	 **	 represents	 p	 <	 0.01	 (C)	 The	 enhanced	 growth	 and	430	
degradation	of	substrates	by	the	native	consortium	can	be	easily	seen	when	grown	on	filter	431	





substrate	degradation	and	metabolism.	An	 overview	 of	 substrate	metabolism	 of	 each	436	
member	is	displayed.	The	fungi	are	primary	degraders	of	biopolymers,	degrading	the	long	437	
chains	of	cellulose	and	hemicellulose.	They	consume	primarily	glucose	and	do	not	consume	438	
many	 of	 the	 other	 five	 and	 six	 carbon	 sugars.	 The	 bacterium	 contains	 genes	 to	 degrade	439	
shorter	 cellulose	 and	hemicellulose	 fragments,	 as	well	 as	 genes	 to	metabolize	 sugars	 left	440	
behind	 by	 the	 fungi.	 The	 Methanosphaera	 consumes	 methanol	 liberated	 from	 pectin	441	
degradation	as	well	as	H2.	Finally,	the	Methanocorpusculum	consumes	H2,	CO2,	and	formate.	442	
	443	
Figure	 4:	 Community	 abundance	 remains	 stable	 despite	 continuous	 growth	 and	444	
culture	 transfer.	Relative	 ratios	 of	 the	 prokaryotic	members	 are	 displayed,	 determined	445	
from	 whole	 genome	 metagenomics	 14	 months	 after	 isolation	 and	 marker	 gene	446	
metagenomics	 19	 months	 after	 isolation.	 As	 displayed,	 the	 consortium	 demonstrated	447	





isolated	 fungi	 on	 simple	 substrates.	 (A)	 Total	 accumulated	 pressure	 for	 cultures	 of	453	
Piromyces	finnis,	and	Neocallimastix	californiae	paired	with	Methanobacterium	bryantii	and	454	
the	native	consortium	are	displayed	for	growth	on	Reed	canary	grass,	Avicel,	and	Xylan.	On	455	
avicel,	 the	 synthetic	 rumen	 system	 greatly	 outperformed	 the	 fungus	 alone,	 producing	456	
roughly	 double	 the	 amount	 of	 gas	 for	 both	 the	 synthetic	 and	 native	 consortia.	 (B)	 The	457	
	 22
maximum	concentration	of	methane	measured	from	growth	on	Reed	canary	grass	is	shown	458	
for	 the	 native	 consortium	 and	 the	 two	 synthetic	 rumen	 systems.	 On	 reed	 canary	 grass,	459	
accumulated	pressure	 is	similar	 for	both	the	 isolated	 fungus	and	synthetic	rumen	system	460	
(Figure	 5A),	 although	 the	 final	 concentration	 of	 methane	 in	 the	 headspace	 was	 >10%	461	
























































































































































































































































































203	 27	 67	 65	
Total	Length	
(bp)	
6659799	 1779166	 2045527	 2880050	
GC	%	 48.26	 29.68	 53.35	 55.74	
N50	 28	 4	 10	 14	
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Discussion S1: Meta-analysis of Published Literature Related to Methanogen-Fungus Co-
Cultivation 
Metabolite exchanges occur between methanogenic archaea and anaerobic fungi in 
our datasets and others (cited in Table S4 below). Many previously published studies suggest 
that fungus-methanogen interactions accelerates the deconstruction of plant biomass, 
resulting in increased fermentation gas production. To address this hypothesis, we analyzed 
literature purporting to demonstrate increased substrate consumption in co-cultures of 
anaerobic fungi and methanogens relative to fungal monocultures, and investigated the data 
from these studies to determine whether suggested outcomes were statistically significant 
(Bauchop and Mountfort 1981; Mountfort et al. 1982; Marvin-Sikkema et al. 1990; Teunissen 
et al. 1991, 1992).  Overall, we found that previous reports of increased deconstruction by 
co-culture were limited to qualitative assessments of substrate degradation rates.  
Data were extracted from previous publications that concluded the presence of 
methanogenic archaea increased substrate deconstruction by anaerobic fungi and tested for 
statistical differences in rate of cellulose deconstruction using analysis of co-variance 
(ANCOVA) in the same manner that we examined our own deconstruction experiments 
presented here (Table S4). Contrary to concluding statements made in the publications 
themselves, we found no statistically supported evidence that co-cultivation with 
methanogens increased the rate of substrate deconstruction by these cultures (p=0.18-0.99, 
Table S3). Given the revised interpretation of the data, results agree that a fungal-
methanogen syntrophy does not necessarily increase rates of substrate deconstruction. 
3






















































































203 27 67 65
Total Length 
(bp)
6659799 1779166 2045527 2880050
GC % 48.26 29.68 53.35 55.74
N50 28 4 10 14
L50 (bp) 74369 128533 75586 77038
5
Table S3: Supernatant metabolites measured after 10 days of fungal or co-culture growth 
on two representative substrates. The top panel depicts metabolites following growth on 
Whatman filter paper (WP), and the bottom panel shows the same data for growth supported 
on reed canary grass (RCG). Reported errors represent standard deviations of biological 
replicates (n=3).  
WP
Pressure (psig) Hydrogen (%) Methane (%) Reducing sugars (g/L) Formate (g/L) Acetate (g/L) Lactate (g/L)
N. californiae 10.2 ± 0.4 14.6 ± 2.6 0.0 ± 0.0 6.7 ± 2.9 0.9 ± 0.0 0.8 ± 0.1 0.8 ± 0.1
N.c. + M. bryantii 6.2 ± 0.3 0.0 ± 0.0 4.1 ± 0.1 5.6 ± 0.7 0.0 ± 0.0 1.0 ± 0.2 0.1 ± 0.0
A. robustus 4.5 ± 0.4 8.8 ± 0.7 0.0 ± 0.0 0.1 ± 0.1 0.5 ± 0.0 2.5 ± 0.3 0.0 ± 0.0
A.r. + M. bryantii 6.6 ± 0.4 0.0 ± 0.0 12.0 ± 1.7 0.0 ± 0.0 0.0 ± 0.0 1.2 ± 0.2 0.0 ± 0.0
RCG
Pressure (psig) Hydrogen (%) Methane (%) Reducing sugars (g/L) Formate (g/L) Acetate (g/L) Lactate (g/L)
N. californiae 10.4 ± 0.7 13.6 ± 2.1 0.0 ± 0.0 0.5 ± 0.0 0.7 ± 0.1 1.0 ± 0.2 1.0 ± 0.2
N.c. + M. bryantii 10.0 ± 0.2 0.0 ± 0.0 4.3 ± 0.2 0.6 ± 0.0 0.0 ± 0.0 1.5 ± 0.1 0.5 ± 0.2
A. robustus 6.7 ± 0.1 13.3 ± 2.4 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 0.1 1.0 ± 0.0 0.0 ± 0.0
A.r. + M. bryantii 7.9 ± 0.2 0.0 ± 0.0 12.7 ± 3.0 0.1 ± 0.0 0.0 ± 0.0 1.2 ± 0.2 0.0 ± 0.0
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Table S4: Extraction and re-analysis of published literature shows that fungal-methanogen 
co-cultivation does not result in increased substrate solubilization rate compared to fungal 
monoculture.  The data purporting to show that methanogens increase the rate of substrate 
solubilization was analyzed using the same ANCOVA analysis as was used for the 
experimental data depicted in Figure 5. In each case, it was found that the rate of substrate 
solubilization difference between fungal monocultures co-cultures was not statistically 
significant (p>0.05). This finding is in agreement with the results presented in Figure 5 in 
the main text between N. c. and M. b., and A. r. and M. b., that also found no significant change.
Source Citation(s) Organisms ANCOVA p-value(s) Notes
The Rumen and its Microbes, Hungate 1966 N/A N/A Origin of hypothesis
Bauchop and Mountfort Applied and Environmental
Microbiology, 1981
Unidentified fungus
+ M. barkeri and Methanobrevibacter sp. RA1 p=0.1269
Mountfort et al. Applied and Environmental
Microbiology, 1982 Organisms not identified p=0.9155
Marvin-Sikkema et al. Applied and Environmental
Microbiology, 1990
Neocallimastix sp. L2
+ M. bryantii, M. smithii, or M. aboriphilus p=0.1977
Teunissen et al. Archives of Microbiology, 1991 & 1992 Several Neocallimastix and Piromyces+ M. formicicium
p=0.32, 0.62, 0.18,
0.53
Data in 2 separate papers; 4
different comparisons
Li et al. 2017 Journal of Basic Microbiology, 2017 Piromyces sp. F1+ M. thaueri p=0.99
Author scorrectly note no enhanced
degradation by coculture
This work Neocallimastix californiae+ M. bryantii p=0.3554
This work Neocallimastix sp. S3+ M. bryantii p=0.1844
































































Figure S1: Methane production increases in an enriched native community over time 
and is comparable to methane produced by synthetic pairings. Headspace methane 
concentrations were periodically measured via gas chromatography (GC) during 
consecutive batch culture of the enriched native consortium and during subsequent 
experiments with indicated synthetic co-cultures. Methane production by the native 
consortium was low at initial enrichment, but eventually reached the levels seen in synthetic 
co-culture experiments. For the native consortium, bars represent single measurements of 
the culture headspace for methane percentage, but for synthetic pairings bars represent the 
means of biological triplicates and error bars represent the standard deviation. 
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Figure S2: Phylogenetic placement of the microbial consortium members enriched 
from horse feces. A) ITS sequence alignment reveals that the fungus (H1B2 sequence 1-5) 
clusters distinctly from other sequenced fungal isolates. Five different Sanger sequencing 
runs were used due to the difficulties associated with the high AT% in the anaerobic fungal 
ITS regions B) 16S alignment of the three distinct sequences reveals two methanogens 
(Methanocorpusculum and Methanosphaera, denoted as Methanosphaera sp. H1B2 and 
Methanocorpusculum sp. H1B2) and one bacterium (Sphaerochaeta, denoted Sphaerochaeta 
sp. H1B2).
9
Figure S3: Light microscopy of the top-down enriched anaerobic consortium reveal a 
Piromyces-like fungus. Light microscopy of the fungal isolate (A and B) revealed abundant 
tapering rhizoids, multinucleated sporangia, and absence of nuclei in rhizoids with DAPI 
staining (C), which are generic characteristics for Piromyces.
10
Figure S4: Metagenome assembled genome completion is high and contamination is 
low as determined by CheckM. The assembled metagenome was binned into distinct 
genome bins based on read coverage and tetranucleotide frequency using Metabat and 
CONCOCT. The completeness and quality of each bin was determined using the single copy 
gene sets employed through the CheckM method. Each bin achieved better than 90% 















































Figure S5: Total fermentation gas production by the enriched natural microbial 
consortia, the prokaryotic component of the consortium, and the fungal component of 
the consortium. Accumulation of total fermentation gases were tracked for 10 days in 
triplicate cultures that were vented daily, supported on the indicated substrates. Pressure 
accumulated was measured using the pressure transducer technique. Error bars represent 
the standard error of the mean (n=3). 
12




































Figure S6:  The presence of the methanogenic archaeon Methanobrevibacter bryantii 
(M.b.) alters the end-point metabolite profile of anaerobic fungi grown on both 
cellulosic and lignocellulosic substrates. Data were collected for two strains of 
anaerobic fungi, N. californiae (N.c.) and A. robustus (A.r.) in both the presence and absence 
of the methanogen M. bryantii (M.b.). The bar displayed for each metabolite is the result of 
averaging three biological replicates. Standard deviations are not shown for clarity; 
however, values obtained from liquid chromatography have standard deviations less than 
10% of the mean, and values obtained from gas chromatography have standard deviations 
13
less than 17% of the mean (Table S3). Percentages indicated at the top of each bar-stack 
refer to the mean percentage of headspace gas that was measured as hydrogen in 
monocultures or as methane in co-cultures (n=3).
14














































Figure S7: Comparison of gas production rates of fungal monocultures with gas 
production rates of synthetic co-cultures of anaerobic fungi and methanogens: Two 
anaerobic fungi were grown in isolation and paired with the methanogen 
Methanobrevibacter bryantii (M.b.) while total fermentation gas production was tracked 
using the pressure transducer technique. Data and linear regression models for 
Neocallimastix californiae (N.c.) and M.b. are shown in panel A while data and regression 
models for Anaeromyces robustus (A.r.) and M.b. are shown in panel B. Linear regressions 
were calculated for the steady state portion of culture growth which excluded lag and 
stationary phases. Slopes of linear regressions (N.c.=0.110.00 psig/hr, N.c.+M.b.=0.100.00 
psig/hr, A.r.=0.170.01 psig/hr, A.r.+M.b.=0.160.03 psig/hr) were compared using 
15
ANCOVA which determined that there was no statistically significant difference in the rate 
of fermentation gas production (p>0.05)
Supplemental Database 2: Transporter analysis of metagenomes
Number of high quality sugar transporters per MAG by predicted substrate
⌄Predicted substrate⌄      MAG=Sphaerochaeta_H1B2Methanosphaera_H1B2
Maltose or maltooligosaccaride 5 0
Mannose 2 0
Glucose or galactose 2 0
Lipopolysaccride 1 0
Alginic acid 1 0
Xylan 1 0
N‐acetyl glucosamine 0 1
Glycosyl groups 0 0
Total sugar transporters 12 1
Methanocorpusculum_H1B2
0
0
0
0
0
0
0
2
2
